Abstract-This paper presents a two-dimensional (2-D) exact
INTRODUCTION
Benefiting from advantages of a simple mechanical structure, robust, high-thermal capability and high-speed potential [1]- [3] . SRM is receiving renewed attention as a viable candidate for various adjustable speed and high-torque applications such as in the automotive and traction [4]- [8] .
In the interest for design and optimization of electrical machines, there is various modeling methods (viz., numerical, analytical and semi-analytical method), the first step to them is the reckoning of magnetic field. At present, subdomain technique is one of the most used semi-analytic method, which combines the very accurate electromagnetic performances calculation with a reduced computation time compared to numerical methods. In these models, the magnetic field solutions are based on the formal resolution of Maxwell's equations applied in subdomain by using the Fourier's series and the separation of variables method. Considering iron parts (i.e., the global or/and local saturation effect) is seldom investigated in the literature [9]- [11] . [12]- [13] developed a first 2-D exact subdomain technique in Cartesian and polar coordinates considering finite soft-magnetic material permeability, which has been applied to an air-or iron-cored coil supplied by a constant current. The general solutions of Maxwell's equations are deduced by applying the principle of superposition by respecting the boundary conditions (BCs) on the various edges. Recently, this novel scientific contribution has been implemented for radial- After the calculation of spatio-temporal magnetic field, an analytical method to calculate the iron core losses generated by these magnetic field variations is presented. Although there are several approaches for the iron loss calculation, the commonly accepted is based on the Bertotti's decomposition [18] . This approach can be implemented either in the post-processing step or in the non-linear resolution of a time stepping FE analysis [19]- [20] . Since the magnetic field waveforms in the SRMs are non-sinusoidal, the iron core losses are calculated by dividing the core of the machine in different parts and by using FVL method because the core loss is affected by the rotational flux [21] . Finally, all the results from the proposed semi-analytical model are validated by the linear FEM.
II. STUDIED MACHINE AND MAGNETIC FIELD SOLUTIONS

A. Motor Geometry and Assumptions
The conventional SRM [see Fig. 1(a) ] has 6 stator slots, 4 rotor slots, and 3 phases double layer concentrated winding. This machine has been partitioned into 9 regions as shown on Fig. 1(b) , viz.,
• Region I the air-gap;
• Region II and III respectively the rotor yoke (i.e., between rotor shaft and rotor slots/teeth) and the stator yoke; • Region IV the rotor slots;
• Region V the rotor teeth;
• Region VI and VII respectively the stator slots of first layer (i.e., right in the slot), and of second layer (i.e., left in the slot); • Region VIII the stator teeth;
• Region XI the non-periodic air-gap (i.e., between the two layer winding of stator slots).
The model is formulated in magnetic vector potential and in 2-D polar coordinates with the following assumptions:
• The end-effects are neglected, i.e., 
where n is a positive integer, and { } in Region II,
and ∀θ , can be written as:
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3) i th Stator slot subdomain (Region VI and VII):
The solution of
, is defined by: The solution of Region VII, 
, can be obtained directly from (5) with ( ) , is similar to (6) by replacing { } 
C. Magnetic Flux Density
The 
These connection matrices can be generated automatically by using ANFRACTUS TOOL developed in [22] .
E. Boundary Conditions
The conventional SRM [see ; ; ; R R R R (i.e., ș-edges ICs) and the other is over radius interval for given angle
e., r-edges ICs).
We obtain on the:
• ș-edges ICs:
-The ICs between Region II, IV and V at 2 r R = as: 
, = ,
, = , ;
The system of 36 BCs matrix equations (12) to (35) is used to determine the coefficients of magnetic vector potentials in the 9 regions of the conventional SRM.
III. RESULTS AND VALIDATIONS
The 2-D semi-analytical model considering finite softmagnetic material permeability is used to determine the electromagnetic performances of conventional SRM. The main parameters of the studied machine are given in Table I with a current equal to ( ) ( ) In Fig. 2 , a comparison between the numerical results and semi-analytical predictions is shown in term of the r-and ș-component magnetic flux density in the middle of the air-gap (i.e., Region I). The simulations are done for two different values of iron core relative permeability (viz., 100 and 800). ), the electromagnetic torque and the induced magnetic flux linkage per phase are presented in Fig. 4. Figs. 5 shows self-and mutual-inductance of the machine. It can be seen that the proposed semi-analytical model gives good results compared to the numerical method.
IV. IRON CORE LOSS COMPUTATION
A. Introduction
The analysis technique to predict the iron core loss generated in a SRM by magnetic field becomes very important in the machine design. For a no-sinusoidal excitation and considering laminations, Berttotti developed a model that divides the losses into three components 
B. Flux Variation Locus Method
The iron core losses are affected by the alternating flux, but also by the rotational flux. It is useful to use the FVL method where the rotational flux effect can be taken into account Fig. 8. (a) Iron core loss evolution in the stator and rotor according to the rotor speed and (b) Iron core loss evolution according to the iron core relative permeability.
(a) (b) Fig. 9 . Iron core loss evolution according to: (a) field current and (b) rotor speed.
In Fig. 8(a) , the iron core losses evolutions in the rotor and stator with respect to rotor speed for two different values of iron core relative permeability are illustrated. Fig. 8(b) shows the iron core losses in function of iron core relative permeability in three different rotor speed. Fig. 9(a) shows the iron core losses according to the field current with three different rotor speed. The iron core losses increases with the increase in field current. Moreover, in F Fig. 9(b) which are the function of rotor sped in three different supply current. A good agreement is seen between the analytically obtained and the FEM results.
V. CONCLUSION
In this paper, we have applied a new exact semi-analytical model based on the 2-D subdomain technique in polar coordinates [13]- [14] to predict the electromagnetic performances in SRM for any rotor positions. It has the ability in any number of stator slots, rotor poles and phases and for different type of stator winding. Currently, in this paper, we chose to present only the 6/4 conventional SRM with 3-phases. Because the SRMs always operate with certain saturation, the proposed model takes into account of the finite value of relative permeability in all machine. It can be considered as a viable alternative to FEM for analysis of SRMs. The Bertotti's model and the FVL method are used to predict the iron core losses in different parts of machine. The results confirmed the accuracy of the proposed model.
